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RECEIVE AT LEAST ONE TIME-DEPENDENT ACOUSTIC DATA SIGNAL
INDICATIVE OF SOUND GERNERATED BY A THERMAL SPRAY SYSTEM

TRANSFORM THE AT LEAST ONE TIME-DEPENDENT ACQUSTIC DATA

RECEIVE AT LEAST ONE IMAGE miﬁﬁTWE GF THE THERMAL SPRAY
SYSTEM PERFORMING THE PROCESS

TRANSFORM THE AT LEAST ORE IMAGE DATA SIGNAL TO AT LEASY
ONE IMAGE

DETERMINE, BASED ON AT LEAST THE PLURALITY OF CONTROL
PARAMETERS, THE FREQUENCY DOMAIN SPECTRUM, THE AT LEAST

RELATIONSHIP BETWEEN THE PLURALITY OF CONTROL PARAMETERS

AND THE PLURALITY OF PROCESS QUTPUTS BY MACHINE LEARNING

DETERMINE, BASED ON THE RELATIONSHIP, RESPECTIVE VALUES OF
THE PLURALITY OF CONTROL PARAMETERS CONFIGURED TO CAUSE
THE THERMAL SPRAY SYSTEM TO GENERATE PREDETERMINED
VALUES OF THE PLURALITY OF PROCESS QUTPUTS

CONTROL, BASED ON THE RESPECTIVE VALUES OF THE PLURALITY

ADJUST THE PLURALITY OF PROCESS QUTPUTS TOWARD A
PREDETERMINED PLURALITY OF RESPECTIVE OPERATING RANGES
BY SENDING A CONTROL SIGNAL 7O THERMAL SPRAY SYSTEM

SEND, TO AN QUTPUT DEVICE, AN OUTPUT SIGNAL INDICATIVE OF A
REPRESENTATION OF AT LEAST ONE OF THE AT LEAST ONE TIME-
DEPENDENT ACOUSTIC DATA SIGNAL, THE FREQUENCY-DOMAIN
SPECTRUM, AT LEAST ONE IMAGE DATA SIGNAL, AT LEAST ONE
PROCESS CONTROL PARAMETER, AT LEAST ONE MEASURED
PARAMETER, OR AT LEAST ONE PROCESS QUTPUT

FIG. 3
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SYSTEM CONTROL BASED ON ACOUSTIC
AND IMAGE SIGNALS

This application claims the benefit of U.S. Provisional
Application No. 62/686,390 filed Jun. 18, 2018, which 1s

incorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD

The disclosure relates to controlling systems based on
acoustic and 1image signals.

BACKGROUND

Thermal spray systems are used i a wide variety of
industrial applications to coat targets with coating material
to modily or improve the properties of the target surface.
Coatings may include thermal barrier coatings, wear resis-
tant coatings, ablative coatings, or the like. Thermal spray
systems use heat generated electrically, by plasma, or by
combustion to heat material mjected 1n a plume, so that
molten material propelled by the plume contacts the surface
of the target. Upon impact, the molten material adheres
solidifies and to the target surface, resulting 1n a coating.

SUMMARY

In some examples, the disclosure describes a system. The
system 1ncludes at least one acoustic sensor configured to
generate at least one time-dependent acoustic data signal
indicative of sound generated by a thermal spray system
controlled by a plurality of control parameters and perform-
ing a process associated with a plurality of process outputs.
The system 1ncludes at least one optical sensor configured to
generate at least one 1mage data signal indicative of the
thermal spray system performing the process. The system
also 1ncludes a computing device. The computing device
includes a machine learning module configured to deter-
mine, based on at least the plurality of control parameters,
the at least one time-dependent acoustic data signal, the at
least one 1mage data signal, and the plurality of process
outputs, a relationship between the plurality of control
parameters and the plurality of process outputs by machine
learning. The computing device includes a control module
configured to determine, based on the relationship deter-
mined by the machine learning module, respective values of
the plurality of control parameters configured to cause the
thermal spray system to generate predetermined values of
the plurality of process outputs. The control module 1s
configured to control, based on the respective values of the
plurality of control parameters, the thermal spray system to
adjust the plurality of process outputs toward a plurality of
respective operating ranges by sending a control signal to
the thermal spray system.

In some examples, the disclosure describes a technique.
The technique includes receiving, by a computing device,
from at least one acoustic sensor, at least one time-dependent
acoustic data signal indicative of sound generated by a
thermal spray system controlled by a plurality of control
parameters and performing a process associated with a
plurality of process outputs. The techmique includes receiv-
ing, by the computing device, from at least one optical
sensor, at least one 1mage indicative of the thermal spray
system performing the process. The technique also includes
determining, by the computing device, based on at least the
plurality of control parameters, the at least one time-depen-
dent acoustic data signal, the at least one 1image data signal,
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and the plurality of process outputs, a relationship between
the plurality of control parameters and the plurality of

process outputs by machine learning. The technique
includes determining, by the computing device, based on the
relationship, respective values of the plurality of control
parameters configured to cause the thermal spray system to
generate predetermined values of the plurality of process
outputs. The technique includes controlling, by the comput-
ing device, based on the respective values of the plurality of
control parameters, the thermal spray system to adjust the
plurality of process outputs toward a plurality of respective
operating ranges by sending a control signal to thermal spray
system.

In some examples, the disclosure describes a non-transi-
tory computer readable storage medium comprising nstruc-
tions that, when executed, cause at least one processor to
recerve, from at least one acoustic sensor, at least one
time-dependent acoustic data signal indicative of sound
generated by a thermal spray system controlled by a plural-
ity ol control parameters and performing a process associ-
ated with a plurality of process outputs. The instructions,
when executed, cause the at least one processor to receive,
from at least one optical sensor, at least one 1mage data
signal indicative of the thermal spray system performing the
process. The instructions, when executed, cause the at least
one processor to determine, based on at least the plurality of
control parameters, the at least one time-dependent acoustic
data signal, the at least one image data signal, and the
plurality of process outputs, a relationship between the
plurality of control parameters and the plurality of process
outputs by machine learning. The instructions, when
executed, cause the at least one processor to determine,
based on the relationship, respective values of the plurality
of control parameters configured to cause the thermal spray
system to generate predetermined values of the plurality of
process outputs. The instructions, when executed, cause the
at least one processor to control, based on the respective
values of the plurality of control parameters, the thermal
spray system to adjust the plurality of process outputs
toward a plurality of respective operating ranges by sending
a control signal to thermal spray system.

The details of one or more examples are set forth in the
accompanying drawings and the description below. Other
features, objects, and advantages will be apparent from the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a conceptual block diagram illustrating an
example thermal spray system performing a process and
including a computing device for controlling the process by
adjusting a process attribute 1n response to an acoustic signal
and an optical signal generated by the thermal spray system.

FIG. 2 1s a conceptual block diagram illustrating an
example of a computing device for controlling a process
performed by a thermal spray system by adjusting a process
attribute 1n response to an acoustic signal and an optical
signal generated by the thermal spray system.

FIG. 3 1s a flow diagram 1llustrating an example technique
for controlling a process performed by a thermal spray
system by adjusting a process attribute 1n response to an
acoustic signal and an optical signal generated by the
thermal spray system.

FIG. 4 1s a diagram 1illustrating the relationships between
control parameters and process outputs of a thermal spray
system and their mapping by machine learning based on
acoustic and optical monitoring.




US 11,092,983 B2

3

FIG. 5 1s a process control flow diagram for controlling a
process performed by a thermal spray system by adjusting a
process attribute using a neural network in response to an
acoustic signal and an optical signal generated by the
thermal spray system.

FIG. 6 1s a conceptual diagram illustrating processing of
thermal spray process data at diflerent time scales by
machine learning.

FIG. 7A 1s a chart illustrating the effect of carrier gas flow
rate on the position of a thermal spray plume.

FIG. 7B 1s a chart illustrating the eflect of carrier gas flow
rate on the width of a thermal spray plume.

FIG. 8A 1s a chart illustrating the eflect of powder feed
rate on the position of a thermal spray plume.

FIG. 8B 1s a chart illustrating the eflect of powder feed
rate on the width of a thermal spray plume.

FIG. 9A 1s a chart illustrating the effect of primary gas
flow rate on the position of a thermal spray plume.

FIG. 9B 1s a chart illustrating the eflect of primary gas
flow rate on the width of a thermal spray plume.

FI1G. 10 1s a chart illustrating a thermal profile of a thermal
spray plume generated by an infrared imaging system.

DETAILED DESCRIPTION

The disclosure describes systems and techniques for con-
trolling a thermal spray system using machine learning to
monitor or adjust a plurality of process outputs in response
to an acoustic signal generated by the thermal spray system
and an 1image indicative of the thermal spray system. The
thermal spray system may include at least one system
component, such as a spray gun, a powder feed system, a gas
feed system, or like. During a thermal spray process, the
spray gun receives spray material and a carrier gas, at least
partially melts the spray material, and directs the at least
partially melted spray material toward a spray target using,
the plasma plume of the carrier gas. The at least partially
melted spray material contacts the spray target to coat the
spray material on the spray target. The plurality of process
outputs may include coating characteristics, for example, a
coating microstructure, a coating hardness, a coating adhe-
s10n, a coating deposition rate, a coating deposition efli-
ciency, a coating color, a coating porosity, thickness per
pass, coating hardness, a coating density, or a coating quality
(e.g., a comparison of a coating quality to an ideal coating
quality). In some examples, the quality of the coating on the
spray target may ultimately depend on a plurality of process
control parameters for instance, including a primary gas
flow rate, a secondary gas flow rate, a gun current, a carrier
gas flow rate, a powder feed rate, a temperature, a pressure,
a mass flow rate, a volumetric flow rate, a molecular flow
rate, a molar tflow rate, a composition, a velocity, or a
concentration, or combinations thereof. Unsatistactory coat-
ing characteristics may result from variances 1n process
control parameters, or other causes such as component wear.

Machine learning may be used to analyze the relatively
large number of relationships between process control
parameters and process outputs, for example, from previous
runs, past epochs of a current run, from numerical models of
systems, or from empirical data. Thus, machine learning
may map process control parameters to process outputs, and
the computing device may use such mapping to ultimately
determine process control parameters that result in prede-
termined process outputs. The computing device may
accordingly send one or more control signals to the thermal
spray system to control process control parameters such that
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4

the thermal spray system ultimately produces coatings
within predetermined specifications.

During operation, the thermal spray system may generate
an acoustic signal (e.g., sound) associated with thermal
spray parameters, which may be depend on process control
parameters. The thermal spray system may include at least
one acoustic sensor configured to generate at least one
time-dependent acoustic data signal representative of sound
generated by the thermal spray system. The system may
additionally 1include at least one optical sensor configured to
generate at least one 1mage data signal indicative of the
thermal spray system performing the process. For example,
the 1mage data signal may include one or both of visible
components (for example, visible wavelength bands from
about 380 manometers (nm) to about 740 nm) or invisible
components (for example, infra-red wavelengths from about
700 nm to about 1,000 nm or ultraviolet wavelengths from
about 10 nm to about 400 nm).

The system also may include a computing device config-
ured to analyze the at least one time-dependent acoustic data
signal and the 1mage data signal, and ultimately control the
thermal spray system to adjust the plurality of process
outputs toward a plurality of respective operating ranges.
For example, the computing device may use machine learn-
ing to analyze at least one of the acoustic data signal or the
image date signal, and determine a relationship between the
plurality of control parameters and the plurality of process
outputs.

The time-dependent acoustic data signal may be rich 1n
information, and may include data representative of sound
generated by one or more component of the thermal spray
system or the thermal spray system as a whole. The image
data signal may include data representative of a status of one
or more component ol the thermal spray system or the
thermal spray system as a whole. The acoustic or image data
signals may also be representative of process attributes or
variations 1n process attributes. For example, a sound gen-
erated by the spray gun may depend upon process attributes
including, for example, geometry of the spray gun nozzle,
including wear of the spray gun nozzle; powder tlow rate;
powder tlow pulsing; gas flow rate; powder composition; or
the like. Similarly, an image of the thermal spray system
may be indicative of status of the system or system com-
ponents, for example, a thermal plume generated by the
system. For example, infrared image data may be indicative
of temperature along the length of a plasma plume or another
flow stream of a thermal spray system. The temperature of
the plume or flow stream may significantly impact the
quality of the coating. If the plume 1s too hot, the coating
particles can vaporize before striking the component to be
coated. Conversely, 1f the plume temperature 1s too cold, the
particles can be solid and bounce off the target to be coated.
The temperature of the plume or flow stream may be
determined from 1mage data, for example, 1n one or both of
the visible or infrared spectrum. For example, a plume or
flow stream may be imaged, and a hottest region of the
plume or flowstream may be determined from the image.
Further, the temperature or the thermal profile of one or
more regions of the plume or flowstream may also be
determined from the image.

Thus, the acoustic or image data signals may also be
indicative of a plurality of process outputs, for example, one
or more coating properties or characteristics. In this way, the
computing device may analyze the time-dependent acoustic
data signal and 1image data system to determine, based on the
relationship determined by a machine learning module,
respective values of the plurality of control parameters
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configured to cause the thermal spray system to generate
predetermined values of the plurality of process outputs. The
computing device then may control, based on the respective
values of the plurality of control parameters, the thermal
spray system to adjust the plurality of process outputs
toward a plurality of respective operating ranges by sending
a control signal to thermal spray system. In this way, the
computing device may analyze the time-dependent acoustic
data signals and/or image data signals to monitor one or
more components of the thermal spray system, or the
thermal spray system as a whole, and ultimately determine
process control parameters for controlling thermal spray
system by machine learning.

The computing device may control the thermal spray
system by adjusting at least one process control parameter.
In some examples, the computing device may adjust a
plurality of control parameters by sending one or more
control signals to the thermal spray system to cause a
plurality of process outputs to be adjusted toward a plurality
of output ranges. For example, the computing device may
determine a control signal that controls at least one system
component to cause process outputs to remain or be adjusted
to be within respective nominal or expected ranges, or
within a threshold amount of the expected values.

Thus, example systems and techmques according to the
disclosure may be used to control thermal spray system to
adjust or maintain process output within or toward a plu-
rality of operating ranges, by using machine learning to
determine, based on at least the plurality of control param-
cters, the frequency domain spectrum, the at least one 1image,
and the plurality of process outputs, a relationship between
the plurality of control parameters and the plurality of
process outputs.

By utilizing the at least one time-dependent acoustic and
image data signals and machine learning, the thermal spray
system described herein may perform real-time or near
real-time control of operation of at least one component of
the thermal spray system. As used herein, near real-time
refers to the time delay introduced, by automated data
processing or transmission, between the occurrence of an
event and the use of the processed data, such as for display
or feedback and control purposes. Further, controlling the
thermal spray system by monitoring a time-dependent
acoustic data signal representative of one or more outputs of
the thermal spray system and image data signal representa-
tive of the thermal spray system may provide a more
accurate control of the thermal spray system, e.g., compared
to controlling the thermal spray system by monitoring inputs
to the thermal spray system using a flow meter, flow
controller, amp meter, or voltmeter, as the acoustic signal
may be representative ol outputs of the thermal spray
system. Further, in some examples, flow meters, flow con-
trollers, amp meters, and voltmeters may require calibration,
and falling out of calibration may reduce the accuracy of the
teedback provided by out-of-calibration flow meters, tlow
controllers, amp meters, and voltmeters. Thus, systems and
techniques according to the disclosure provide near real-
time feedback to an operator or a process controller for
controlling components of thermal spray systems to adjust
process control parameters or process outputs, or to shut
down the components or the system, as appropriate.

Further, conventional plasma spray coatings may be rela-
tively diflicult to control, and exhibit variations across
different runs or cycles. For example, coatings sprayed at the
same site, 1n the same booth, with the same parameters of
convention spray systems may vary. Such variation may
result from process variations and degradation of the equip-
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6

ment, such as electrodes, which may aflect the plasma spray
process, ultimately causing deviation of coating quality or
characteristics. A component with a coating out of specifi-
cation may need to be stripped and re-coated, increasing
costs and delays. Such variations may result from the
relatively large number of control parameters and complex-
ity of the thermal spray process. Machine learning may be
used to analyze the relatively large number of relationships
between process control parameters and process outputs.
Systems and techmiques according to the disclosure may
provide relatively better control, or maintain process outputs
and coating characteristics within predetermined operating
ranges, reducing costs and delays, and 1n an automated or
semi-automated manner, reducing operator intervention.

FIG. 1 1s a block diagram 1illustrating an example thermal
spray system 10. In some examples, thermal spray system 10
includes components such as an enclosure 11, a thermal
spray gun 12, at least one acoustic sensor 14, at least one
optical sensor 15, and a computing device 16.

Enclosure 11 encloses some components of thermal spray
system 10, including, for example, thermal spray gun 12 and
at least one acoustic sensor 14. In some examples, enclosure
11 substantially completely surrounds thermal spray gun 12
and at least one acoustic sensor 14 and encloses an atmo-
sphere. In some examples, thermal spray gun 12 may be
mounted on a manipulating robot or machine controllable by
thermal spray system 10 that enables control of the position
of thermal spray gun 12 relative to spray target 18. The
atmosphere may include, for example, air, an inert atmo-
sphere, a vacuum, or the like. In some examples, the
atmosphere may be selected based on the type (e.g., com-
position) of coating being applied using thermal spray
system 10, the composition of spray target 18, or both.
Enclosure 11 also encloses a spray target 18.

Spray target 18 includes a substrate to be coated using
thermal spray system 10. In some examples, spray target 18
may include, for example, a substrate on which a bond coat,
a primer coat, a hard coat, a wear-resistant coating, a thermal
barrier coating, an abradable coating, an environmental
barrier coating, or the like 1s to be deposited. Spray target 18
may include a substrate or body of any regular or irregular
shape, geometry or configuration. In some examples, spray
target 18 may include metal, plastic, glass, or the like. Spray
target 18 may be a component used 1n any one or more
mechanical systems, including, for example, a high tem-
perature mechanical system such as a gas turbine engine. In
some examples, spray target 18 may be mounted on a
mampulating robot or machine controllable by thermal spray
system 10 that enables control of the position of spray target
18 relative to thermal spray gun 12.

Thermal spray gun 12 1s coupled to a gas feed line 20 via
gas inlet port 22, 1s coupled to a material feed line 24 via
material inlet port 28, and includes or 1s coupled to an energy
source 26. Gas feed line 20 provides a gas tlow to gas inlet
port 22 of thermal spray gun 12. Depending upon the type
of thermal spray process being performed, the gas flow may
be a carrier gas for the coating material, may be a fuel that
1s 1gnited to at least partially melt the coating material, or
both. In some examples, the carrier gas may include a power,
primary and/or secondary gas. Gas feed line 20 may be
coupled to a gas source (not shown) that 1s external to
enclosure 11.

In some examples, thermal spray gun 12 also may include
a material mlet port 28, which 1s coupled to material feed
line 24. Material feed line 24 may be coupled to a material
source (not shown) that 1s located external to enclosure 11.
Coating material may be fed through material feed line 24 1n




US 11,092,983 B2

7

powder form, and may mix with gas from gas feed line 20
within thermal spray gun 12. In some examples, gas feed
line 20 may include a separate and/or dedicated gas source.
In other examples, thermal spray gun 12 may omit material
inlet port 28, and material feed line 24 may provide the
coating material to exit tlowstream 30 outside thermal spray
oun 12 near outlet 32. The composition of the coating
material may be based upon the composition of the coating
to be deposited on spray target 18, and may include, for
example, a metal, an alloy, a ceramic, or the like.

Thermal spray system 10 also includes energy source 26,
which may be included 1n thermal spray gun 12 or may be
separate from thermal spray gun 12. Energy source 26
provides energy to at least partially melt (e.g., partially melt
or substantially fully melt) and/or accelerate the coating
material provided through matenal inlet port 28. In some
examples, energy source 26 includes a plasma electrode,
which may energize gas provided through gas feed line 20
to form a plasma. The plasma at least partially melts the
coating material. In other examples, energy source 26 may
ignite gas provided through gas feed line 20 to at least
partially melt the coating material (e.g., 1 high velocity
oxy-fuel (HVOF) spray processes).

As shown 1n FIG. 1, exit flowstream 30 exits outlet 32 of
thermal spray gun 12. In some examples, outlet 32 includes
a spray gun nozzle. Exit flowstream 30 may include at least
partially melted coating material carried by a carrier gas.
Outlet 32 may be configured and positioned to direct the at
least partially melted coating material at spray target 18.

Thermal spray system 10 includes at least one acoustic
sensor 14. In some examples, the at least one sensor 14 may
be mounted a manipulating robot or machine controllable by
thermal spray system 10 one which thermal spray gun 12 1s
mounted, or may be mounted to enclosure 11. In some
examples, as shown in FIG. 1, thermal spray system 10
includes a plurality of acoustic sensors 14, such as at least
two acoustic sensors 14. Each of the at least one acoustic
sensor 14 1s configured to sense sound generated by thermal
spray system 10. Sounds, for example, acoustic signals 34,
may be generated by one or more components or processes
of thermal spray system 10. The at least one acoustic sensor
14 may include, for example, an acoustic sensing element
such as a microphone or a sound-to-electric transducer or
clectromagnetic, capacitive, or piezoelectric elements that
generate an electrical signal i response to incident sound
waves.

The at least one acoustic sensor 14 may be configured to
sense acoustic signals 34 with a predetermined wavelength
or wavelength range. In some examples, the at least one
acoustic sensor 14 may be configured to sense acoustic
signals 34 that may or may not be detectable by human
hearing, including infrasound and ultrasound. In some
examples, the at least one acoustic sensor 14 may be
configured to sense acoustic signals 34 conducted through
an atmosphere 1n enclosure 11 and/or a solid component of
thermal spray system 10. In some examples, acoustic signals
34 may include frequencies below about 20 Hz, from about
20 Hz to about 20 kHz, from about 20 kHz to about 2 MHz,
higher than about 2 MHz, or combinations thereof.

Each acoustic sensor of the at least one acoustic sensor 14
1s configured to generate a respective time-dependent acous-
tic data signal of at least one time-dependent acoustic data
signal 36 based on the sensed acoustic signal 34 and
communicate at least one time-dependent acoustic data
signal 36 to computing device 16. In some examples, at least
one time-dependent acoustic data signal 36 includes a digital
data signal, and at least one acoustic sensor 14 includes an
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analog-to-digital converter. In other examples, at least one
time-dependent acoustic data signal 36 may include an
analog signal. In some examples, at least one acoustic sensor
14 may include an amplifier to amplity the signal sensed by
at least one acoustic sensor 14 and produce the at least one
time-dependent acoustic data signal 36. At least one acoustic
sensor 14 may transmit at least one time-dependent acoustic
data signal 36 to computing device 16 using electrical
signals, Bluetooth, Wi-Fi, radio, or any other suitable trans-
mission pathway.

Thermal spray system 10 includes at least one optical
sensor 15. In some examples, as shown in FIG. 1, thermal
spray system 10 includes a plurality of optical sensors 15,
such as at least two optical sensors 15. Each of the at least
one optical sensor 15 1s configured to optically sense thermal
spray system 10. At least one optical sensor 15 may include,
for example, an 1mage sensor such as a complementary
metal-oxide-semiconductor (CMOS) sensor, a charge-
coupled device (CCD) sensor, thermal image sensor, focal
plane array (FPA) sensor, a photodetector, or optoelectric
clements that generate an electrical signal 1n response to
incident photons. In some examples, at least one optical
sensor 15 may generate a signal indicative of a one-dimen-
sional 1image (for example, a linear array of pixels or other
image eclements), two-dimensional 1image (for example, a
planar array of pixels or other 1image elements), or three-
dimensional image (for example, a three-dimensional array
of pixels or other image elements). In some examples, at
least one optical sensor 15 may generate a signal indicative
of at least one pixel or a single 1image element. In some
examples, at least one optical sensor 15 may generate
real-time, near-real-time or continuous signals, for example,
a video feed or another continuous image signal. In some
examples at least one optical sensor 15 may generate inter-
mittent or periodic 1image signals, for example, snapshots at
predetermined intervals of time.

The at least one optical sensor 15 may be configured to
sense optical signals within a predetermined wavelength or
wavelength range. In some examples, the at least one optical
sensor 15 may be configured to sense optical signals that
may or may not be visually perceptible. For example, one or
more components of thermal spray system 10, or one or
more flow streams of thermal spray system 10, may gener-
ate, refract, reflect, or transmait visible, ultraviolet, or infrared
wavelengths, and at least one optical sensor 15 may detect
at least one such wavelength or wavelength band or range.

Each optical sensor of the at least one optical sensor 135 1s
configured to generate a respective image data signal 38 and
communicate at least one 1image data signal 38 to computing
device 16. In some examples, at least one 1mage data signal
38 includes a digital data signal, and at least one optical
sensor 15 includes an analog-to-digital converter. In other
examples, at least one 1image data signal 38 may include an
analog signal. In some examples, at least one optical sensor
15 may include an amplifier to amplity the signal sensed by
at least one optical sensor 15 and produce the at least one
image data signal 38. At least one optical sensor 15 may
transmit at least one i1mage data signal 38 to computing
device 16 using electrical signals, Bluetooth, Wi-F1, radio, or
any other suitable transmission pathway.

Computing device 16 may be configured to control opera-
tion of one or more components of thermal spray system 10
automatically or under control of a user. For example,
computing device 16 may be configured to control operation
of thermal spray gun 12, gas feed line 20 (and the source of
gas to gas feed line 20), matenial feed line 24 (and the source
of material to material feed line 24), at least one acoustic
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sensor 14, at least one optical sensor 15, and the like.
Computing device 16 also may be configured to receive at
least one time-dependent acoustic data signal 36 from at
least one acoustic sensor 14, at least one 1mage data signal
38 from at least one optical sensor 15, and analyze the at
least one time-dependent acoustic data signal 36 and at least
one 1mage data signal 38 to determine a control signal 17 to
be sent to at least one system component of thermal spray
system 10 for adjusting one or more process control param-
cters (and ultimately, process outputs) of thermal spray
system 10 based on the analysis.

During a thermal spray process, thermal spray system 10
performs at least one process, such as depositing a coating,
of spray material on spray target 18. Thermal spray system
10 and the thermal spray process performed by thermal
spray system 10 are associated with a plurality of process
control parameters, a plurality of measured process param-
cters, and a plurality of process outputs. The plurality of

control parameters may include, for example, a primary gas
flow rate, a secondary gas flow rate, a gun current, a carrier
gas flow rate, a powder feed rate, a temperature, a pressure,
a mass flow rate, a volumetric flow rate, a molecular flow
rate, a molar tflow rate, a composition, a velocity, or a
concentration, or combinations thereof. The plurality of
measured process parameter may include parameters sensed
by one or more appropriate sensors. The measured param-
cters may be associated with a flowstream tflowing through
thermal spray system 10, for instance, gas flowing through
gas feed line 20, or of exit flowstream 30, or material
flowing through maternial feed line 24, or one or more
components of thermal spray system 10. For example, the
parameters may include as-measured voltages of one or
more components (for example, gun voltage), gas tlow rates,
ogun power, plume width, plume temperature, plume veloc-
ity, plume location, acoustic emissions or spectrum, a tem-
perature, a pressure, a mass flow rate, a volumetric tlow rate,
a molecular flow rate, a molar tlow rate, a composition, a
velocity, or a concentration, or other process parameters, as
measured by one or more sensors or meters. The sensors or
meters may include, for example, voltage or current sensors,
flow sensors or meters, thermometers, thermocouples,
anemometers, pressure gauges, spectrometers, or the like.
The plurality of process outputs may include, for example,
a coating microstructure, a coating hardness, a coating
adhesion, a coating deposition rate, a coating deposition
clliciency, a coating quality, a coating color, a coating
density, or combinations thereof. One or more of control
parameters, measured process parameters, or process out-
puts may deviate from designed or nominal values or ranges.
Computing device 16 may be configured to compare the
control parameter deviations, measured process parameters,
or process output deviations to the nominal or designed
specifications or parameter ranges, for example, 1n real-time,
or 1n near real-time during operation of thermal spray system
10. In some examples, process deviations may include at
least one of material feed fluctuation, for instance, powder
pulsing, flow blockage (for e.g., of one or more of gas feed
line 20, exit flowstream 30, maternial feed line 24), gas
leakage, or a process deviation resulting from immcompatibil-
ity (for e.g., wrong type or configuration of a component, for
instance, using a nozzle that 1s unsuitable for a high viscosity
flow) or wear of the at least one component. In some
examples, wear of the at least one component may 1nclude
wear of thermal spray gun 12, including wear of thermal
spray outlet 32, wear of energy source 26, and wear of
material inlet port 28, for instance, powder port wear.
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As described above, system components of thermal spray
system 10 and processes performed by thermal spray system
10 generate sounds (for example, acoustic signals 34) during
the thermal spray process. For example, acoustic signals 34
may originate from thermal spray gun 12 (e.g., energy
source 26, thermal spray outlet 32, material inlet port 28, or
gas inlet port 22), gas feed line 20, exit tlowstream 30,
maternal feed line 24, impact of the coating material against
spray target 18, or any other component associated with
thermal spray system 10, such as a coating material hopper,
a coating material feeder, a gun or part manipulating robot
or machine, an air handling system, a dust filtering system,
or the like.

Acoustic signals 34 generated by the components depend
on control parameters, process attributes, or process outputs,
and may change in response to changes thereol. For
example, acoustic signals 34 produced by gas feed line 20
may change in response to any one or more of the tempera-
ture, pressure, flowrate, viscosity, composition, or concen-
tration of the flowstream i1n gas feed line 20 changing.
Similarly, acoustic signals 34 produced by matenal feed line
20 may change in response to any one or more of the
temperature, pressure, tlowrate, viscosity, composition, or
concentration of the carrier gas of the spray material 1n
material feed line 24 changing. Acoustic signals 34 pro-
duced by exit flowstream 30 may change in response to, for
example, any one or more of the temperature, pressure,
flowrate, viscosity, composition, or concentration of exit
flowstream 30 changing. Acoustic signals 34 produced by
spray target 18 may change 1n response to any one or more
of the temperature, pressure, flowrate, viscosity, composi-
tion, or concentration of the spray material impacting the
spray target changing, or the composition, bulk or surface
geometry of spray target 18 changing, or even 1n response to
the thickness of the coating of spray material on spray target
18 changing. Acoustic signals 34 generated by gas feed port
22, material feed port 28, spray outlet 32 may change as the
respective system component wears. In some examples,
acoustic signals 34 generated by a worn spray outlet 32, for
instance, a worn nozzle, differs from acoustic signals 34
generated by a new (e.g., previously unused) nozzle. A wormn
nozzle may produce a lower temperature plasma or a more
turbulent plasma, that may decrease the temperature and
velocity of spray material, producing a coating with lower
hardness, increased porosity, and poor deposition efliciency.
A worn or incorrect type of powder port may change the
injection velocity of spray material, which may change the
thermal profile encountered by spray material along a path
to spray target 18. This may lead to an increased portion of
unmelted spray material or a greater proportion of spray
material passing through or bouncing off the plasma, aflect-
ing the coating properties. Leaks in a powder feed line may
decrease 1njection velocity, similarly aflecting the coating
properties. Leaks 1n the plasma gas feed line may decrease
the plasma temperature and velocity. Accidental or inadver-
tent incorrect setting or entry of typical input parameters
may also aflect a process attribute.

In some examples, respective control parameters, process
attributes, or process outputs may be associated with one or
more respective frequency bands within acoustic signals 34.

For example, a peak frequency 1n the tens of kilohertz (kHz;
¢.g., between about 13 kHz and about 15 kHz) may be
associated with spray outlet 32, such as a spray nozzle, and
may change as the spray outlet 32 mechanically wears.
Other process attributes may similarly be associated with
respective Irequencies or frequency bands, which may
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change 1n frequency value, intensity, or the like, based on the
value of the process attribute.

In some examples, acoustic signals 34 may be aflected by
the portion of the thermal spray process which 1s being
performed. For example, acoustic signals 34 generated dur-
ing an imtial startup period by components of thermal spray
system 10 may differ from acoustic signals 34 generated
when thermal spray system 10 i1s performing a spraying
process, or acoustic signals 34 generated when thermal
spray system 10 1s being shut down. Hence, computing
device 16 may analyze at least one time-dependent acoustic
data signal 36 to determine at which portion of the thermal
spray process thermal spray system 10 1s, or a user may
identify the portion of the thermal spray process at which
thermal spray system 10 1s, and computing device 16 may
utilize this information when analyzing at least one time-
dependent acoustic data signal 36. In some examples, com-
puting device 16 may identily the process stage at which
thermal spray system 10 1s operating by comparing a respec-
tive time-dependent acoustic data signal of at least one
time-dependent acoustic data signal 36 of thermal spray
system 10 1n the unknown process stage to a time-dependent
acoustic data signal from a known configuration or process
stage ol a thermal spray system.

Other factors may result 1n acoustic signals 34 changing.
For example, acoustic signals 34 generated by components
of thermal spray system 10 1n a first configuration may difler
from acoustic signals 34 generated 1n a second configura-
tion. For example, the first configuration and the second
configuration may difler 1n the spatial relationship between
system components, or in the predetermined operating range
ol a process attribute. In some examples, computing device
16 may analyze a respective time-dependent acoustic data
signal of at least one time-dependent acoustic data signal 36
to 1dentily the configuration of components of thermal spray
system 10.

In some examples, at least one acoustic sensor 14 may be
configured to enhance detection of one or more acoustic
signal of acoustic signals 34 compared to another one or
more acoustic signal of acoustic signals 34. For instance, a
first acoustic sensor of at least one acoustic sensor 14 may

be positioned adjacent to a selected system component of

thermal spray system 10, oriented toward a selected com-
ponent of thermal spray system 10, or the like to enhance
detection of a selected acoustic signal of acoustic signals 34
compared to another one or more acoustic signal of acoustic
signals 34. For example, a {irst acoustic sensor of at least one
acoustic sensor 14 may be positioned adjacent to thermal
spray gun 12 to sense acoustic signals 34 originating from
thermal spray gun 12 (e.g., material inlet port 28, gas inlet
port 22, spray outlet 32), and a second acoustic sensor of at
least one acoustic sensor 14 may be positioned adjacent to
material feed line 24 to sense acoustic signals 34 originating,
from material feed line 24. The at least one acoustic sensor
14 may be located near a component or at a zone within the
thermal spray system 10, or may be oriented towards a
component to sense sound from the component, or otherwise
more accurately attribute the sound to a source. In an
example, at least one acoustic sensor 14 may include mul-
tiple acoustic sensors forming an acoustic sensor network

thermal spray system 10.

Instead of, or 1n addition to, sound or acoustic analysis,
optical, photo- or 1mage analysis may be performed to
monitor and control thermal spray system 10. For example,

optical sensors 15 may capture one or more i1mages of

thermal spray system 10 1n predetermined wavelength

that captures sound generated by various components of
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bands, for example, in the visible infrared, or ultraviolet
spectrum, or other 1mage types, for example, polarized or
thermal 1mages. Optical sensors 15 may capture image data
corresponding to at least one of single 1mages, periodic
images, 1images triggered by predetermined events or con-
ditions, or rapid or continuous video or image data. The
images may include one or more components of thermal
system 10, thermal system 10 as a whole, or an 1nterior or
exterior of thermal system 10, or regions 1n the vicinity of
thermal system 10, or one or more tlowstreams flowing
through thermal system 10, substrate 18, coating, or the like.
The mmage data captured by optical sensors 15 may
depend on control parameters, process attributes, or process
outputs, and may change 1n response to changes thereot. For
example, the 1mage data may exhibit changes 1n response to
one or more of the temperature, pressure, flowrate, viscosity,
composition, or concentration of the flowstream 1n gas feed
line 20 changing, or 1n response to any one or more of the
temperature, pressure, flowrate, viscosity, composition, or
concentration of the carrier gas ol the spray material 1n
material feed line 24 changing. Image data associated with
exit flowstream 30 may change in response to, for example,
any one or more of the temperature, pressure, tlowrate,
viscosity, composition, or concentration of exit tlowstream
30 changing. Image data associated with spray target 18 may
change 1n response to any one or more of the temperature,
pressure, flowrate, viscosity, composition, or concentration
of the spray material impacting the spray target changing, or
the composition, bulk or surface geometry of spray target 18
changing, or even 1n response to the thickness of the coating
of spray material on spray target 18 changing. Image data
associated with gas feed port 22, material feed port 28, spray
outlet 32 may change as the respective system component
wears. In some examples, image data associated with a worn
spray outlet 32, for instance, a worn nozzle, differs from that
associated with a new (e.g., previously unused) nozzle. A
worn nozzle may produce a lower temperature plasma or a
more turbulent plasma, that may decrease the temperature
and velocity of spray material, producing a coating with
lower hardness, increased porosity, and poor deposition
elliciency. A worn or incorrect type of powder port may
change the 1njection velocity of spray material, which may
change the thermal profile encountered by spray material
along a path to spray target 18. The change in thermal profile
may be captured by visible or infrared imaging. This may
lead to an increased portion of unmelted spray material or a
greater proportion of spray material passing through or
bouncing ofl the plasma, aflecting the coating properties.
Leaks 1n a powder feed line may decrease mjection velocity,
similarly affecting the coating properties. Leaks 1n the
plasma gas feed line may decrease the plasma temperature
and velocity. One or more of these may be captured by
image data, for example, in visible, infrared, x-ray, or
ultraviolet spectrum, or may influence the polarization of
light ultimately 1maged by optical sensors 15. Accidental or
inadvertent incorrect setting or entry of typical input param-
cters may also aflect thermal spray processes 1n a way that
1s optically or otherwise captured by optical sensors 15.
In some examples, at least one optical sensor 15 may
include two or more optical sensors 15 located at predeter-
mined locations in, on, or about thermal spray system 10, for
example, within spray chamber 11, or even exterior to spray
chamber 11. For instance, a {irst optical sensor of at least one
acoustic sensor 15 may be positioned adjacent to a selected
system component of thermal spray system 10, oriented
toward a selected component of thermal spray system 10, or
the like to enhance imaging of a selected portion or region
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of thermal spray system 10. For example, a first optical
sensor ol at least one optical sensor 15 may be positioned
adjacent to thermal spray gun 12 to 1image thermal spray gun
12 or a flow stream ornginating from thermal spray gun 12
or tluidically coupled to thermal spray gun 12 (e.g., material
inlet port 28, gas 1nlet port 22, spray outlet 32), and a second
optical sensor of at least one optical sensor 15 may be
positioned adjacent to material feed line 24 to 1image mate-
rial feed line 24. In an example, at least one optical sensor
15 may include multiple optical sensors forming an optical
sensor array that captures two-dimensional or three-dimen-
sional 1mages or point clouds of thermal spray system 10 or
components thereol.

In some examples, thermal spray system 10 may include
at least one optical element to direct light paths to optical
sensors 15. For example, the at least optical element may
include mirrors, retlectors, refractors, diffraction gratings,
optical filters, diffusers, prisms, light guides, light sources,
light absorbers, or any other suitable optical elements. In
some examples, the at least one optical element may selec-
tively cause optical sensors 15 to capture image data asso-
ciated with predetermined wavelengths or wavelength
bands.

As described above, computing device 16 may control
thermal spray system 10 by analyzing at least one time-
dependent acoustic data signal 36 and 1mage data signal to
determine information about thermal spray system 10,
which may include, for example, a component configura-
tion, component wear, process control parameters, measured
process parameters, process outputs, or process deviations of
thermal spray system 10. For example, computing device 16
may be configured to recerve the at least one time-dependent
acoustic data signal 36, transiform the at least one time-
dependent acoustic data signal 36 to a frequency-domain
spectrum, receive at least one image data signal 38, and
transiorm the at least one image data signal 1nto at least one
image. Computing device 16 may further configured to
determine, based on at least the plurality of control param-
cters, the frequency domain spectrum, the at least one 1image,
and the plurality of process outputs, a relationship between
the plurality of control parameters and the plurality of
process outputs using machine learning. Computing device
16 may further use the determined relationship to monitor or
control thermal spray system 10. For example, computing
device 16 may be configured to determine, based on the
relationship determined by machine learning, respective
values of the plurality of control parameters configured to
cause the thermal spray system to generate predetermined
values of the plurality of process outputs, and control, based
on the respective values of the plurality of control param-
cters, the thermal spray system to adjust the plurality of
process outputs toward a plurality of respective operating,
ranges by sending a control signal to thermal spray system.

In some examples, because of the different positions of at
least one acoustic sensor 14 or of at least one optical sensor
15, computing device 16 may analyze at least one of the at
least time-dependent acoustic data signal 36 or the image
data signal 38 to determine information related to particular
components of thermal spray system 10. For example,
computing device 16 may utilize the mtensity of respective
frequency components of at least one time-dependent acous-
tic data signal 36 to determine a distance from the acoustic
sensor from which the at least one time-dependent acoustic
data signal 36 was received to the component generating the
acoustic signal, and may attribute the acoustic signal to that
component. Additionally or alternatively, computing device
16 may utilize data indicative of the position and/or orien-
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tation of the acoustic sensor from which the at least one
time-dependent acoustic data signal 36 was received relative
to a selected component to the acoustic signal to a compo-
nent. Computing device 16 may utilize the intensity or
spatial distribution of respective components (for example,
wavelength bands, or predetermined color points of a pre-
determined color space, such as RGB, CMYK, L.a,b, or
another color system), of image data signal 36 to determine
a distance from the optical sensor from which the at least one
image data signal 38 was received to the component that was
imaged generating the acoustic signal, and may attribute the
image to that component or flowstream. Additionally or
alternatively, computing device 16 may utilize data indica-
tive of the position and/or orientation of the optical sensor
from which the at least one image data signal 38 was
received relative to a selected component to attribute the
image to a component or tlowstream.

In this way, computing device 16 may analyze the at least
one time-dependent acoustic data signal 36, multiple time-
dependent acoustic data signals, image data signal 38, or
multiple 1mage data signals to determine relationships
between plurality of control parameters and the plurality of
process outputs, and use the relationships to monitor and
control thermal spray system 10.

In some examples, computing device 16 may analyze at
least one of at least one acoustic data signal 36 or image data
signal 38 to identily process control parameters that may
result 1n unsatisfactory coating characteristics or process
outputs of thermal spray system 10. In some examples,
computing device 16 may analyze at least one time-depen-
dent acoustic data signal 36 or image data signal 38 to
determine whether control parameters, measured process
parameters, or process outputs associated with the process
performed by thermal spray system 10 are within a nominal
or expected range, or i1f the control parameters, measured
process parameters, or process outputs are varying com-
pared to or deviating from the nominal or expected range.

I any of the control parameters, measured process param-
eters, or process outputs vary or deviate from the nominal or
expected range, computing device 16 may control thermal
spray system 10 to adjust the process attribute. In some
examples, to control thermal spray system 10, computing
device 16 may select at least one component of thermal
spray system 10 based on the parameter or output to be
adjusted. For example, computing device 16 may select,
based on the respective values of the plurality of control
parameters, at least one component of thermal spray system
10, where the at least one component 1s controlled by one or
more of the plurality of control parameters. Computing
device 16 may control, based on the respective values of one
or more of the plurality of control parameters, thermal spray
system 10 to adjust the plurality of process outputs toward
the plurality of respective operating ranges by sending the
control signal to the at least one component. In some
examples, the at least one component may include at least
one of thermal spray gun 12, energy source 26 (for example,
a plasma electrode), material inlet port 28 (for example, a
powder port), or the like.

Computing device 16 may determine control signal 17 to
be sent to the at least one component, such that control signal
17 would cause the at least one component to operate 1in an
adjusted condition that would cause one or more control
parameter, measured parameter, or process output to be
adjusted, e.g., toward the nominal or expected range or
value. Computing device 16 may store in a storage device
theoretically derived or experimentally derived relationships
between control signal 17 and the process attribute. For
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example, the relationship between control signal 17 and the
process attribute may be represented in the form of equa-
tions, sets of equations, numerical approximations, look-up
tables, or other suitable data structures. Thus, computing
device 16 may determine control signal 17 based on a known
relationship between, for example, a magnitude of control
signal 17 and a magmitude of the process attribute.

In some examples, computing device 16 may determine
the known relationship by machine learning. After deter-
mimng control signal 17, computing device 16 may send
control signal 17 to the at least one component to result 1n
real-time or near real-time control of thermal spray system
10. For example, the at least one component may operate 1n
an adjusted condition after receiving control signal 17 to
cause the vanation or deviation of the control parameter,
measured parameter, or process output from the nominal or
expected range to reduce, or substantially reduce to zero.

In some examples, by utilizing at least one time-depen-
dent acoustic data signal 36 or image data signal 38, and by
using machine learning, computing device 16 may perform
real-time or near-real-time control of the operation of ther-
mal spray system 10. By monitoring an actual output of the
process, a better indication of deviation of the process
attribute can be detected. Process control systems that rely
on various electrical/mechanical subsystems such as tlow
meters, tlow controllers, amp meters, and voltmeters can be
inaccurate or out of calibration, and are generally upstream
of the actual spraying process. For example, monitoring
powder flow to thermal spray guns by monitoring pressure,
carrier gas tlow rate and mechanical feeder component rates
of motion don’t provide 1ndication of downstream phenom-
enon such as powder pulsing, flow blockage, component
wear, or gas leakage. These changes aflect the powder
trajectory upon 1njection and can significantly change the
thermal profile powder experiences and thus change the
resultant particle temperature, velocity, and coating proper-
ties. Thus, monitoring and analyzing a signal representative
of one or more outputs of thermal spray system 10 may
provide a more accurate indication of process attributes of
thermal spray system 10, e.g., compared to monitoring
inputs to thermal spray system 10 using a flow meter, tlow
controller, amp meter, or voltmeter. Further, in some
examples, flow meters, tlow controllers, amp meters, and
voltmeters may require calibration, and falling out of cali-
bration may reduce the accuracy of the feedback provided
by out-of-calibration flow meters, tlow controllers, amp
meters, and voltmeters.

Because of the potentially large number of control param-
cters, measured process parameters, and process outputs,
determining relationships between them by conventional
techniques, for example, statistical analysis, may pose dii-
ficulties. Some techniques may require prediction or guesses
as to the nature of mathematical relationships between two
or more parameters (for example, linear, exponential, loga-
rithmic, periodic, non-linear, etc.), which may not be pos-
sible or feasible because of the complexity or number of
parameters and outputs. Computing device 16 may use
machine learning may be used to more efliciently or accu-
rately determine such relationships, even without a priori
knowledge or information. The function of thermal spray 10
and computing device 16 are further described with refer-
ence to FIGS. 2 and 3.

FIG. 2 1s a conceptual block diagram illustrating an
example ol computing device 16 1illustrated 1n FIG. 1. In
some examples, computing device 16 may include, for
example, a desktop computer, a laptop computer, a work-
station, a server, a mainirame, a cloud computing system, or
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the like. In some examples, computing device 16 controls
the operation of system 10, including, for example, thermal
spray gun 12, energy source 26, gas feed line 20, exit
flowstream 30, acoustic sensors 14, optical sensors 15,
material feed line 24, and spray target 18.

In the example 1llustrated 1n FIG. 2, computing device 16
includes one or more processors 40, one or more 1mnput
devices 42, one or more communication units 44, one or
more output devices 46, and one or more storage devices 48.
In some examples, one or more storage devices 48 stores
acoustic data signal processing module 50, transformation
module 52, control module 54, image data signal processing
module 56, and machine learning module 58. In other
examples, computing device 16 may include additional
components or fewer components than those illustrated 1n
FIG. 2.

One or more processors 40 are configured to implement
functionality and/or process instructions for execution
within computing device 16. For example, processors 40
may be capable of processing mstructions stored by storage
device 48. Examples of one or more processors 40 may
include, any one or more of a microprocessor, a controller,
a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field-programmable gate array
(FPGA), or equivalent discrete or integrated logic circuitry.

One or more storage devices 48 may be configured to
store mnformation within computing device 16 during opera-
tion. Storage devices 48, 1 some examples, include a
computer-readable storage medium or computer-readable
storage device. In some examples, storage devices 48
include a temporary memory, meamng that a primary pur-
pose of storage device 48 1s not long-term storage. Storage
devices 48, in some examples, include a volatile memory,
meaning that storage device 48 does not maintain stored
contents when power 1s not provided to storage device 48.
Examples of volatile memories include random access
memories (RAM), dynamic random access memories
(DRAM), static random access memories (SRAM), and
other forms of volatile memories known in the art. In some
examples, storage devices 48 are used to store program
instructions for execution by processors 40. Storage devices
48, 1n some examples, are used by soltware or applications
running on computing device 16 to temporarily store infor-
mation during program execution.

In some examples, storage devices 48 may further include
one or more storage device 48 configured for longer-term
storage of information. In some examples, storage devices
48 include non-volatile storage elements. Examples of such
non-volatile storage elements include magnetic hard discs,
optical discs, floppy discs, flash memories, or forms of
clectrically programmable memories (EPROM) or electri-
cally erasable and programmable (EEPROM) memories.

Computing device 16 further includes one or more com-
munication units 44. Computing device 16 may utilize
communication units 44 to communicate with external
devices (e.g., thermal spray gun 12, entry flowstream 130,
exit flowstream 30, acoustic sensor 14, optical sensor 15,
spray material, and spray target 18) via one or more net-
works, such as one or more wired or wireless networks.
Communication unit 44 may include a network interface
card, such as an Ethernet card, an optical transceiver, a radio
frequency transceirver, or any other type of device that can
send and receive information. Other examples of such
network interfaces may include Wik1 radios or Universal
Serial Bus (USB). In some examples, computing device 16
utilizes communication units 44 to wirelessly communicate
with an external device such as a server.
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Computing device 16 also includes one or more nput
devices 42. Input devices 42, 1n some examples, are con-
figured to receive mput from a user through tactile, audio, or
video sources. Examples of input devices 42 include a
mouse, a keyboard, a voice responsive system, video cam-
era, microphone, touchscreen, or any other type of device for
detecting a command from a user.

Computing device 16 may further include one or more
output devices 46. Output devices 46, 1n some examples, are
configured to provide output to a user using audio or video
media. For example, output devices 46 may include a
display, a sound card, a video graphics adapter card, or any
other type of device for converting a signal into an appro-
priate form understandable to humans or machines. In some
example, computing device 16 outputs a representation of
one or more of the at least one time-dependent acoustic data
signal 36, of the frequency-domain spectrum, at least one
image data signal, at least one process control parameter, at
least one measured parameter, or at least one process output,
via output devices 46. In some examples, computing device
16 outputs a representation of control signal 17 via output
devices 46.

In some examples, computing device 16 may determine
control signal 17 or generate an alert in response to one or
more of the control parameters, measured process param-
eters, or process outputs, via output devices 46. For
example, computing device 16 may generate auditory sig-
nals, such as a beep, an alert tone, or an alerting sound, or
visual signals, such as an icon on a display, tlashing lights,
or a combination of visual and audible signals, to indicate a
process parameter or output variance or deviation. In some
examples, an operator may thus be alerted, and may choose
to investigate thermal spray system 10. As another example,
computing device 16 may generate an alert that 1s transmiut-
ted over a network to another computing device, including,
a hand-held computing device, for instance, a cellphone. The
alert signal may include information about the process
control parameter, measured parameter, or process output, or
a variance thereof. In some examples, computing device 16
may determine control signal 17 and send control signal 17
to at least one component to control thermal spray system 10
by adjusting the process control parameter, for example, to
ultimately reduce a variance or deviation of a process
parameter or output attribute from a normal or expected
range.

Computing device 16 also may include one or more of an
acoustic data signal processing module 50, a control module
54, 1image data signal processing module 56, and machine
learning module 58. In some examples, acoustic data signal
processing module 50 pre-processes or processes at least one
time-dependent acoustic data signal 36 to prepare at least
one time-dependent acoustic data signal 36 for analysis by
control module 54 or machine learning module 38. In some
examples, acoustic data signal processing module 50 may
include a transformation module 52 for transforming at least
one time-dependent acoustic data signal 36 from a time-
domain spectrum to a frequency-domain spectrum. In some
examples, 1mage data signal processing module 56 pre-
processes or processes at least one 1image data signal 38 to
prepare at least one 1mage data signal 36 for analysis by
control module 54 or machine learning module 358.

Machine learning module 58 1s configured to determine,
based on at least the plurality of control parameters, the
frequency domain spectrum, the at least one 1image, and the
plurality of process outputs, one or more relationships
between the plurality of control parameters and the plurality
ol process outputs using machine learning. Machine leamn-
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ing module 58 may also be configured to determine other
relationships, for example, between the plurality of control
parameters and the plurality of measured process param-
cters, or between the plurality of measured process param-
cters and the plurality of process outputs. Machine learning
module 58 may include one or more sub-modules for, or
otherwise be configured to implement, one or more of linear
discriminant analysis (LDA), quadratic discriminant analy-
s1s (QDA), K-nearest neighbors, support vector machines
(SVM), regression analysis, sensitivity analysis, optimiza-
tion algorithms (e.g., basinhopping, Broyden-Fletcher-Gold-
tarb-Shanno (BFGS)), fuzzy logic, artificial neural network
(ANN), gaussian processes (GP), or other machine learning,
algorithms, to determine one or more relationships between
the plurality of control parameters, the plurality of measured
process parameters, and the plurality of process outputs.

Control module 54 1s configured to determine, based on
the relationship determined by machine learning module 58,
respective values of the plurality of control parameters
configured to cause the thermal spray system to generate
predetermined values of the plurality of process outputs.
Control module 54 may also be configured to control, based
on the respective values of the plurality of control param-
cters, the thermal spray system to adjust the plurality of
process outputs toward a plurality of respective operating
ranges by sending a control signal to thermal spray system
10. In some examples, machine learning module 38 may be
configured to determine the control signal, for example,
based on one or more of the relationships between the
plurality of control parameters, the plurality of measured
process parameters, and the plurality of process outputs. In
some examples, functions described with reference to
machine learning module 38 may be performed by control
module 54, and computing device 16 may include a separate
machine learming module 58. Functions performed by
acoustic data signal processing module 50, transformation
module 52, control module 54, image data signal processing
module 56, and machine learning module 58 are explained
below with reference to the example flow diagram illustrated
in FIG. 3.

Acoustic data signal processing module 50, transforma-
tion module 52, control module 54, image data signal
processing module 56, and machine learning module 58 may
be implemented 1n various ways. For example, acoustic data
signal processing module 50, transformation module 352,
control module 54, image data signal processing module 56,
and/or machine learning module 38 may be implemented as
soltware, such as an executable application or an operating
system, or firmware executed by one or more processors 40.
In other examples, acoustic data signal processing module
50, transformation module 52, control module 54, image
data signal processing module 56, and/or machine learning
module 58 may be implemented as part of a hardware unit
of computing device 16. In some examples, acoustic data
signal processing module 50 includes transtormation mod-
ule 52, as shown 1n FIG. 2. In some examples, transforma-
tion module 52 1s separate from acoustic data signal pro-
cessing module 50.

Computing device 16 may include additional components
that, for clarity, are not shown 1 FIG. 2. For example,
computing device 16 may include a power supply to provide
power to the components of computing device 16. Similarly,
the components ol computing device 16 shown in FIG. 2
may not be necessary 1n every example of computing device
16.

Examples of thermal spray system 10 and computing
device 16 are described with reference to FIGS. 1 and 2
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above, mncluding examples of at least one acoustic sensor 14
for generating at least one time-dependent acoustic data
signal 36 indicative ol acoustic signals 34 generated by
thermal spray system 10, and at least one optical sensor 15
for generating at least one 1mage data signal 38 indicative of
thermal spray system 10. Example techniques for monitor-
ing and analyzing at least one time-dependent data signals
36 and 1mage data signals 38 to determine process control
parameters, measured process parameters, process outputs,

and to ultimately control thermal spray system 10 are
described with reference to FIG. 3.

FIG. 3 1s a flow diagram illustrating an example technique
for analyzing an acoustic signal generated by a thermal
spray system performing a process associated with a plu-
rality of process attributes to determine a process attribute of
the plurality of process attributes. In some examples, a
computing device, such as computing device 16, may imple-
ment the technmique of FIG. 3 to analyze the at least one
time-dependent acoustic data signal 36 indicative of sound
generated by thermal spray system 10 performing a process
and at least one 1mage data signal 38 indicative of thermal
spray system 10, described 1n various examples with refer-
ence to FIG. 1 above. Computing device 16 may determine
relationships between one or more of process control param-
eters, measured process parameters, process outputs, and
ultimately control thermal spray system 10. The technique of
FIG. 3 will be described with reference to thermal spray
system 10 of FIG. 1, and computing device 16 of FIGS. 1
and 2, for purposes of description only. It will be appreciated
that the technique of FIG. 3 may be used to analyze at least
one acoustic data signal to determine a process attribute of
processes performed by other thermal spray systems, that
other computing devices may implement the technique of
FI1G. 3, or both.

The technique of FIG. 3 includes receiving, by computing,
device 16, from at least one acoustic sensor 14, at least one
time-dependent acoustic data signal 36 indicative of acoustic
signals 34 generated by thermal spray system 10 (60). In
some examples, at least one time-dependent acoustic data
signal 36 may include analog signals, and acoustic data
signal processing module 50 of computing device 16 may
process at least one acoustic data signal 36 by performing an
analog-to-digital conversion. In other examples, the
received at least one time-dependent acoustic data signal 36
may 1nclude digital signals and acoustic data signal process-
ing module 50 may not perform analog-to-digital conversion
ol at least one time-dependent acoustic data signal 36. In
some examples, acoustic data signal processing module 50
of computing device 16 may filter at least one acoustic data
signal 36 through signal processing filters such as band pass
filters, high pass filters, low pass filters, comb filters, notch
filters, or other filters, for instance, deconvolution filters, or
noise filters to filter out undesirable signal components, such
as noise, supertluous signal components, such as harmonics,
or to reduce or compress the information in at least one
acoustic data signal 36.

The technique of FIG. 3 also includes transforming, by
transformation module 52 of computing device 16, at least
one time-dependent acoustic data signal 36 to a frequency-
domain spectrum (62). The frequency-domain spectrum
may 1include intensity or amplitude as a function of fre-
quency. In some examples, transiformation module 52 of
computing device 16 transforms at least one time-dependent
acoustic data signal 36 to a frequency-domain spectrum
using at least one of a fast Fourier transform or a discrete
Fourier transtform. In some examples, transformation mod-
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ule 52 may perform the transformation before, during or
alter other processing such as filtering described above.

The technique of FIG. 3 includes receiving, by computing
device 16, from at least one optical sensor 15, at least one
image data signal 38 indicative of thermal spray system 10
(64). In some examples, at least one 1image data signal 38
may include analog signals, and image data signal process-
ing module 56 of computing device 16 may process at least
one 1image data signal 36 by performing an analog-to-digital
conversion. In other examples, the received at least one
image data signal 38 may include digital signals and image
data signal processing module 56 may not perform analog-
to-digital conversion of at least one 1image data signal 38. In
some examples, image data signal processing module 56 of
computing device 16 may filter at least one 1mage data signal
38 through 1mage processing filters such as band pass filters,
high pass filters, low pass filters, comb filters, notch filters,
or other filters, for instance, deconvolution filters, or noise
filters to filter out undesirable signal components, such as
noise, Bayer filter, demosaicing filter, sharpeming filters, or
reduce or compress the information in at least one image
data signal 38.

The technique of FIG. 3 also includes transforming, by
image data signal processing module 36 of computing
device 16, at least one 1image data signal 38 to an 1image (66).
Image data signal processing module 536 may also perform
turther optional image processing, for example, one or more
of conversion between different image file formats, crop-
ping, rotation, skewing, deskewing, sharpening, masking,
edge detection, color inversion, color remapping, black and
white conversion, and the like. In some examples, 1image
data signal processing module 56 may perform the trans-
formation before, during or after other processing such as
filtering described above.

The technique of FIG. 3 further includes determining, by
machine learning module 38 of computing device 18, a
relationship between the plurality of control parameters and
the plurality of process outputs by machine learning (68).
The machine learning may include at least one of linear
discriminant analysis (LDA), quadratic discriminant analy-
s1s (QDA), K-nearest neighbors (KNM), support vector
machines (SVM), regression analysis, sensitivity analysis,
optimization algorithms (e.g., basinhopping, Broyden-
Fletcher-Goldiarb-Shanno (BFGS)), fuzzy logic, artificial
neural network (ANN), or gaussian processes (GP).

In some examples, machine learning module 58 may
include regression models such as linear regression or
polynomial regression to identily acoustic or image features
that may be indicative of deviation of process outputs from
process limits. In some examples, machine learning module
58 may include classification models such as LDA, QDA,
KNM, or SVM. In some examples, machine learning mod-
ule 58 includes sensitivity analysis modules, for example,
one-at-a-time analysis, or regression analysis, to identily
control parameters to be modified to maintain or return
process outputs within predetermined specifications. In
some examples, machine learning module 58 includes opti-
mization modules, for example, BEFGS, or basimnhopping, to
identily control parameters to be modified to maintain or
return process outputs within predetermined specifications.
In some examples, machine learning module 38, or control
module 54, may include a fuzzy logic controller to control
thermal spray system 10, for example, by determining,
generating, and sending control signal 17.

In some examples, machine learning module determines
the relationship (68) based on at least the plurality of control
parameters, the frequency domain spectrum, the at least one
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image, and the plurality of process outputs. In some
examples, the determining (68) may include one or more
sub-steps. For example, the determining (68) may include
determining by machine learning module 58, based on at
least the plurality of control parameters, the Ifrequency
domain spectrum, the at least one 1mage, and the plurality of
process outputs, at least one of a relationship between the
plurality of control parameters and a plurality of measured
process parameters or a relationship between the plurality of
measured process parameters and the plurality of process
outputs. For example, machine learning module 38 may
determine a first relationship between the plurality of control
parameters and a plurality of measured process parameters
and a second relationship between the plurality of measured
process parameters and the plurality of process outputs.

In some examples, the determining (68) includes, by
machine learning module 38, determining the relationship
between the plurality of control parameters and the plurality
of process outputs by at least one of comparing real-time or
near-real time respective values of the plurality of process
outputs with 1immediately prior respective values of the
plurality of process outputs, comparing real-time or near-
real time respective values of the plurality of process outputs
with respective values at 5%, 25%, 50%, or 75% of a present
run time, or comparing real-time or near-real time respective
values of the plurality of process outputs with predetermined
threshold values of the plurality of process outputs.

The technique of FIG. 3 further includes determining, by
control module 54 of computing device 16, based on the
relationship, respective values of the plurality of control
parameters configured to cause the thermal spray system to
generate predetermined values of the plurality of process
outputs (70). As described above, 1n some examples, the
plurality of control parameters ultimately influences the
plurality of process outputs of thermal spray system 10.
Computing device 16 may further control thermal system 10
using the plurality of control signals.

The example technique of FIG. 3 may include selecting,
by control module 54, based on the respective values of the
plurality of control parameters, at least one component of
thermal spray system 10. For example, the at least one
component may be controlled by the plurality of control
parameters and may intluence one or more process outputs.
For example, control module 54 may select one or more
components that aflect one or more process outputs, to
control the one or more components to control the process
output. For example, the process output may be influenced
by a flow rate of a carrier gas, and the selected at least one
component may include a flow valve. Thus, 1f the flow rate
deviates from a nominal flow rate, control module 534 may
select the tlow valve to be controlled to control the tlow rate
of the carrier gas. For example, 11 the flow rate 1s higher than
the nominal flow rate, control module 534 may select the flow
valve to be controlled to restrict the tlow to reduce the flow
rate to the nominal tlow rate, to ultimately maintain or return
one or more process outputs within predetermined toler-
ances.

In some examples, the example technique may include
controlling, by control module 54 of computing device 16,
based on the respective values of the plurality of control
parameters, thermal spray system 10 to adjust the plurality
ol process outputs toward the plurality of respective oper-
ating ranges by sending control signal 17 to the at least one
component. Control module 54 of computing device 16 may
control thermal spray system 10, for example, by controlling
the selected at least one component of thermal spray system
10. In some examples, control module 34 may determine
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control signal 17 to be sent to the selected at least one
component based on one or more relationships between
control parameters, measured process parameters, and pro-
cess outputs. In some examples, machine learning module
58 may determine control signal 17 by machine learning
based on one or more relationships between control param-
eters, measured process parameters, and process outputs the
at least one characteristic of the frequency-domain spectrum
of time-dependent acoustic data signal 36 (68).

In some examples, one or more relationships may indicate
that a process output is to be increased, and control module
54 may determine a control signal that may cause the
selected at least one component to cause the process output
to increase. Alternatively, the one or more relationships may
indicate that the process output 1s to be decreased, and
control module 54 may determine a control signal that may
cause the selected at least one component to decrease the
process output. In some examples, the one or more relation-
ships may indicate that the operation of the selected at least
one component or thermal spray system 10 should be paused
or shut down. For example, the at least one characteristic
may indicate a severely worn nozzle 1n need of replacement.
Thus, 1n some examples, control module 54 may determine
a control signal that may cause the selected at least one
component, or even thermal spray system 10 as a whole, to
at least temporarily shut down, allowing for the selected at
least one component or another component to be replaced.
For example, control module 54 may determine a control
signal 17 that causes component applying an electric current
to an electrode to stop, so that a worn nozzle may sately be
replaced with a replacement nozzle.

Computing device 16 may collect and process acoustic
data signal 36 through the use of a FFT (Fast Fourier
Transform) to extract frequency information (for example, a
spectrum indicative of peak frequencies and intensities). At
least one characteristic of the spectrum may be used to as a
“fingerprint,” for example, to query a database or other
library directly or implement a communication protocol, 1f
necessary, to continually process acoustic data signal 36 and
statistically fit 1t to the nearest possible match from a
database or a look-up table.

After determining a control signal for the selected at least
one component, or respective control signals for respective
more than one components of the selected at least compo-
nent, control module 54 may control thermal spray system
10. For example, the technique of FIG. 3 may include
controlling, by control module 54 of computing device 16,
based on the respective values of the plurality of control
parameters, thermal spray system 10 to adjust the plurality
of process outputs toward a plurality of respective operating
ranges by sending a control signal 17 to thermal spray
system 10 (72). For example, control module 34 may send
an operating signal via a wired connection, a communica-
tions bus, or a wireless connection to the at least one
component. In response to receiving the control signal from
control module 54, the at least one component may change
its operation to result in an adjustment of the process
attribute.

In these ways, computing device 16 may ultimately
control thermal spray system 10 so that the process outputs
are within predetermined tolerances, ranges, or specifica-
tions. In some examples, computing device 16 may cause
thermal spray system 10 to shut-down, for example, in
response to determining that one or more components of
thermal spray system 10 1s worn beyond predetermined
limaits, or 1n response to determining that coating may need
to be re-mitiated.
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While control module 54 may separately perform deter-
mimng the values of the plurality of control parameters (70),
selecting the at least one component, determining control
signal 17, and sending control signal 17 to thermal spray
system 10 or to the at least one component (72), as described
with reference to the example technique of FIG. 3, 1n other
examples, control module 54 may combine one or more of
these steps into one or more steps. For example, control
module 54 may determine a control signal as part of deter-
mimng the relationships (68).

In some examples, the example technique of FIG. 3 may
optionally include sending, to an output device, an output
signal indicative of a representation of at least one of the at
least one time-dependent acoustic data signal 36, the ire-
quency-domain spectrum, at least one 1image data signal 38,
at least one process control parameter, at least one measured
parameter, or at least one process output (74). For example,
one or both of control module 54 or machine learning
module 58 may intermittently, periodically, continuously, or
at near-continuous intervals of time, determine relationships
between control parameters, measured process parameters,
and process outputs, provide the result of the determination
as lfeedback to an operator by outputting a display of
numeric differences, charts, graphs, alarms, warnings, or the
like, or to a process controller for automatic adjustments to
operating parameters of thermal spray system 10 or imme-
diate shut down of thermal spray system 10.

In this way, computing device 16 may perform the
examples techniques described above with reference to FIG.
3 to analyze at least one time-dependent acoustic data signal
36 and at least one 1mage data signal 38 to momtor and
control thermal spray system 10 performing a process, and
determine whether one or more process control parameters,
measured process parameters, or process outputs are within
a nominal or expected range, or 1f they are varying compared
to an expected value. Based on the analysis, computing,
device 16 may control thermal spray system 10, for
example, by selecting one or more components of thermal
spray system 10, and sending one or more respective control
signals to control the respective components to adjust the
process control parameters, measured process parameters, or
process outputs. In some examples, an operator may control
thermal spray system 10 based on a component control
strategy determined by computing device 16. For example,
computing device 16 may determine one or more compo-
nents of thermal spray system 10 as being responsible for a
deviation, and identily the components by generating an
output detectable by an operator. In response, the operator
may control the components to restore the process attribute
to the nominal operating range. In some examples, operator
intervention may not be required, and computing device 16
may perform the analysis and control in real-time or near
real-time, for example, within minutes, seconds, or fractions
ol seconds after determining the process attribute, to adjust
the process control parameters, measured process param-
eters, or process outputs by controlling thermal spray system
10 1n real-time or near real-time.

While example systems and techniques have been
described with reference to FIGS. 1 to 3, additional example
techniques are described with reference to FIGS. 4 to 6. One
or more of the techmques or flow diagrams described with
reference to FIGS. 4 to 6 may be partially or completely
integrated or implemented by computing device 16, or into
the example technique of FIG. 3.

FI1G. 4 1s a diagram 1llustrating the relationships between
control parameters 102 and process outputs 104 of a thermal
spray system 110 (or thermal spray system 16) and their
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mapping by a machine learning module 112 based on
acoustic monitoring 108 and optical monitoring 112. In
some examples, machine learning module 112 may also map
relationships between measured process parameters 106
control parameters 102 or process outputs 104. Control
parameters 102 may be considered to be “inputs™ to thermal
spray system 110, and may include one or more of primary
and secondary gas flows, current, carrier gas flow and
powder feed rate, or other parameters. Process outputs 104
may be considered to be “outputs” of thermal spray system
110, and may account for the qualitative or quantitative of
coating quality generated by thermal spray system 110.
Coating quality may include, for example, abradability,
erosion resistance, expected lifetime, oxidation resistance,
hot corrosion resistance, and other metrics of quality. Mea-
sured process parameters 106 may correspond to parameters
of thermal spray system 110 or flowstreams or components
of thermal spray system 110 that are measured by appropri-
ate sensors or measurement devices. Machine learning mod-
ule 112 may use machine learning to determine relationships
between one or more of control parameters 102, process
outputs 104, or measured process parameters 106, and may
control thermal spray system 110 to maintain process out-
puts within predetermined specifications.

FIG. 5 15 a process control flow diagram for controlling a
process performed by a thermal spray system by adjusting a
process attribute using a neural network 1n response to an
acoustic signal and an optical signal generated by the
thermal spray system. The neural network maps process
inputs (control parameters) to process outputs, process
inputs to sensor outputs (measured process parameters), and
sensor outputs (measured process parameters) to process
outputs. These maps or relationships may be used to predict
process outputs (for example, coating characteristics) based
on one or more process inputs (control parameters) or sensor
readouts (measured outputs) and alter process mputs (con-
trol parameters) to maintain process outputs. This may be
accomplished 1n real time, near-real time, or intermittent or
periodic times. The neural network may compare present
data with past data on immediate, recent and long term time
scales to detect a variety of changes to the system. Based on
the degree of change detected the neural net may permit the
process to continue, alter the process to maintain coating
characteristics, or halt the process for mtervention.

FIG. 6 1s a conceptual diagram 1llustrating processing of
thermal spray process data at different time scales by
machine learning. These diflerent time scales may account
for varied time scales at which the thermal spray process can
change. For example, electrodes may wear out over the
course of days to weeks of operation, powder ports may
wear over the course of a year, a gas leak can happen 1n an
instant, flow meter calibration may drift over years, powder
pulsing may occur over seconds. Thus, machine learning
may be used to account for changes 1n relationships between
control parameters, measured process parameters and pro-
cess outputs over diflerent time scales.

The techniques described in this disclosure may be imple-
mented, at least i part, in hardware, soitware, firmware, or
any combination thereof. For example, various aspects of
the described techniques may be implemented within one or
more processors, including one or more microprocessors,
digital signal processors (DSPs), application specific inte-
grated circuits (ASICs), field programmable gate arrays
(FPGASs), or any other equivalent integrated or discrete logic
circuitry, as well as any combinations of such components.
The term “processor” or “processing circuitry” may gener-
ally refer to any of the foregoing logic circuitry, alone or 1n
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combination with other logic circuitry, or any other equiva-
lent circuitry. A control unit including hardware may also
perform one or more of the techniques of this disclosure.

Such hardware, software, and firmware may be imple-
mented within the same device or within separate devices to
support the various techniques described 1n this disclosure.
In addition, any of the described units, modules or compo-
nents may be implemented together or separately as discrete
but 1nteroperable logic devices. Depiction of different fea-
tures as modules or units 1s mmtended to highlight different
functional aspects and does not necessarily imply that such
modules or units must be realized by separate hardware,
firmware, or software components. Rather, functionality
associated with one or more modules or units may be
performed by separate hardware, firmware, or soiftware
components, or imntegrated within common or separate hard-
ware, lirmware, or software components.

The techniques described 1n this disclosure may also be
embodied or encoded 1 a computer system-readable
medium, such as a computer system-readable storage
medium, containing instructions. Instructions embedded or
encoded 1 a computer system-readable medium, including
a computer system-readable storage medium, may cause one
or more programmable processors, or other processors, to
implement one or more of the techniques described herein,
such as when instructions included or encoded 1n the com-
puter system-readable medium are executed by the one or
more processors. Computer system readable storage media
may include random access memory (RAM), read only
memory (ROM), programmable read only memory
(PROM), erasable programmable read only memory
(EPROM), electronically erasable programmable read only

memory (EEPROM), tlash memory, a hard disk, a compact

disc ROM (CD-ROM), a floppy disk, a cassette, magnetic

media, optical media, or other computer system readable
media. In some examples, an article of manufacture may
comprise one or more computer system-readable storage
media.

EXAMPLES

Example 1

The effect of thermal spray parameters on a thermal spray
plume was evaluated.

Changes 1n position and width of a thermal spray plume
in response to carrier gas tlow rate, powder feed rate, and
primary gas flow rate were monitored by using an optical
sensor. Video was generated by optically sensing the thermal
spray plume, and 1images were obtained from the video. The
images were analyzed to determine average plume position
and width. FIG. 7A 1s a chart 1llustrating the etlfect of carrier
gas flow rate on the position of a thermal spray plume. FIG.
7B 1s a chart 1llustrating the eflect of carrier gas flow rate on
the width of a thermal spray plume. FIG. 8A 1s a chart
illustrating the effect of powder feed rate on the position of
a thermal spray plume. FIG. 8B is a chart illustrating the
cllect of powder feed rate on the width of a thermal spray
plume. FIG. 9A 1s a chart illustrating the eflect of primary
gas flow rate on the position of a thermal spray plume. FIG.
9B 1s a chart 1illustrating the effect of primary gas flow rate
on the width of a thermal spray plume. Thus, optical
monitoring was used to determine changes in thermal spray
plume 1n response to changes in thermal spray parameters.

Example 2

An 1infrared i1maging system was used to generate a
thermal profile of a thermal spray plume. Infrared 1mages
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were analyzed to generate a statistical average, and pixels
were scaled to length (millimeters, mm). FIG. 10 1s a chart
illustrating a thermal profile of a thermal spray plume
generated by the infrared imaging system. The local maxi-
mum temperature was measured along length of the plume

beginning just beyond the plasma jet at about 40 mm from
the jet.

Example 3

Audio segment classification was used to distinguish
different thermal spray conditions was evaluated. Acoustic
signals were obtained from acoustic sensors sensing sound
generated by a plasma spray system including an F4-type
oun. Linear discriminant analysis (LDA), K-nearest neigh-
bors, and support vector machines (SVM) were trained
using acoustic signal segments, with 45% of the data
excluded from training and used for validation. The results
are presented in TABLE 1.

TABLE 1

Used to Train Excluded from Training

Seconds of Seconds of
Condition of F4 Process % Process %
Gun Plasma Audio Accuracy Audio Accuracy
High Argon 495 100% 400 100%
High Carrier Gas 482 98% 355 98%
Flow Rate
Powder Line Leak 486 100% 405 100%
Low Argon 603 97% 529 96%
Low Carrier GGas 462 100% 429 100%
Flow Rate
Low Feed Rate 1180 R6%0 1049 82%
Normal Conditions 747 100% 634 100%
Powder Line Leak- 244 91% 190 84%
0.3 NLPM (6%)
Powder Pulsing - 276 99% 223 Q7%
Carrier Gas Induced
Powder Pulsing - 4 100% 5 100%
Carrier (Gas
Induced (High
Primary Gas)
Powder Pulsing - 100 100% 83 100%
Carrier (3as
Induced (Low
Primary Gas)
Pulsing-Carrier 794 96% 640 97%
Used Nozzle 677 100% 530 100%
Worn Port 20% 645 100% 526 99%

Area

Various examples have been described. These and other
examples are within the scope of the following claims.

The mmvention claimed 1s:
1. A system comprising:
at least one acoustic sensor configured to generate at least
one time-dependent acoustic data signal indicative of
sound generated by a thermal spray system controlled
by a plurality of control parameters and performing a
process associated with a plurality of process outputs;
at least one optical sensor configured to generate at least
one 1mage data signal indicative of the thermal spray
system performing the process, wherein the at least one
image data signal 1s real-time, near-real-time, or con-
tinuous; and
a computing device comprising;
a transformation module configured to transform the at
least one time-dependent acoustic data signal to a
frequency-domain spectrum;
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a machine learning module configured to determine,
based on at least the plurality of control parameters,
the Ifrequency-domain spectrum, the at least one
image data signal, and the plurality of process out-
puts, a relationship between the plurality of control
parameters and the plurality of process outputs by
machine learming; and

a control module configured to:
determine, based on the relationship determined by

the machine learning module, respective values of

the plurality of control parameters configured to
cause the thermal spray system to generate pre-
determined values of the plurality of process out-
puts, and
control, based on the respective values of the plu-
rality of control parameters, the thermal spray
system to adjust the plurality of process outputs
toward a plurality of respective operating ranges
by sending a control signal to thermal spray sys-
tem.

2. The system of claim 1, wherein the control module 1s
configured to:

select, based on the respective values of the plurality of

control parameters, at least one component of the
thermal spray system, wherein the at least one compo-
nent 1s controlled by the plurality of control parameters,
and

control, based on the respective values of the plurality of

control parameters, the thermal spray system to adjust
the plurality of process outputs toward the plurality of
respective operating ranges by sending the control
signal to the at least one component.

3. The system of claim 2, wherein the system component
comprises at least one of a thermal spray gun, a plasma
clectrode, a powder port, a gas inlet port, or a material inlet
port.

4. The system of claim 1, wherein the plurality of control
parameters comprises at least one of a primary gas tlow rate,
a secondary gas flow rate, a gun current, a gun position, a
part position, a carrier gas flow rate, a powder feed rate, a
temperature, a pressure, a mass flow rate, a volumetric flow
rate, a molecular flow rate, a molar flow rate, a composition,
a velocity, or a concentration, or combinations thereof.

5. The system of claim 1, wherein the plurality of process
outputs comprises a coating microstructure, a coating hard-
ness, a coating adhesion, a coating deposition rate, a coating,
deposition efliciency, a coating quality, a coating color, or a
coating density, or combinations thereof.

6. The system of claim 1, wherein the machine learning
module 1s configured to determine, based on at least the
plurality of control parameters, the frequency-domain spec-
trum, the at least one 1mage, and the plurality of process
outputs, at least one of a relationship between the plurality
ol control parameters and a plurality of measured process
parameters or a relationship between the plurality of mea-
sured process parameters and the plurality of process out-
puts.

7. The system of claim 1, wherein the machine learning,
module 1s configured to determine the relationship between
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process outputs by at least one of comparing real-time or
near-real time respective values of the plurality of process
outputs with 1immediately prior respective values of the
plurality of process outputs, comparing real-time or near-
real time respective values of the plurality of process outputs
with respective values at 5%, 25%, 50%, or 75% of a present
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values of the plurality of process outputs with predetermined
threshold values of the plurality of process outputs.

8. The system of claim 1, wherein the computing device
further comprises an output device configured to output a
representation of at least one of the at least one time-
dependent acoustic data signal, the frequency-domain spec-
trum, at least one 1mage data signal, at least one process
control parameter, at least one measured parameter, or at
least one process output.

9. The system of claim 1, wherein the process comprises
at least one of spraying, gas combustion, electrical arcing,
plasma generation, flow shock, powder transport, or
mechanical motion.

10. The system of claim 1, wherein the machine learning
comprises at least one of linear discriminant analysis (LDA),
quadratic discriminant analysis (QDA), K-nearest neigh-
bors, support vector machines (SVM), regression analysis,
sensitivity analysis, optimization algorithm, basinhopping,
Broyden-Fletcher-Goldfarb-Shanno (BFGS), fuzzy logic,
artificial neural network (ANN), or gaussian processes (GP).

11. The system of claim 1, wherein the computing system
turther comprises:

an acoustic data signal processing module configured to

receive the at least one time-dependent acoustic data
signal; and

an 1mage data signal processing module configured to:

receive the at least one 1image data signal, and
transform the at least one 1mage data signal into at least
one image.

12. The system of claim 11, wherein the acoustic data
signal processing module 1s further configured to transform
the at least one time-dependent acoustic data signal to a
frequency-domain spectrum, and the machine learning mod-
ule 1s configured to determine, based on at least the plurality
ol control parameters, the frequency-domain spectrum, the
at least one 1mage, and the plurality of process outputs, the
relationship between the plurality of control parameters and
the plurality of process outputs by machine learning.

13. A method comprising:

receiving, by a computing device, from at least one

acoustic sensor, at least one time-dependent acoustic
data signal indicative of sound generated by a thermal
spray system controlled by a plurality of control param-
cters and performing a process associated with a plu-
rality of process outputs;

recerving, by the computing device, from at least one

optical sensor, at least one 1image data signal indicative
of the thermal spray system performing the process,
wherein the at least one 1image data signal 1s real-time,
near-real-time or continuous;

transforming, by the computing device, the at least one

time-dependent acoustic data signal to a frequency-
domain spectrum;
determiming, by the computing device, based on at least
the plurality of control parameters, the frequency-
domain spectrum, the at least one 1mage data signal,
and the plurality of process outputs, a relationship
between the plurality of control parameters and the
plurality of process outputs by machine learning;

determining, by the computing device, based on the
relationship, respective values of the plurality of con-
trol parameters configured to cause the thermal spray
system to generate predetermined values of the plural-
ity of process outputs; and

controlling, by the computing device, based on the respec-

tive values of the plurality of control parameters, the
thermal spray system to adjust the plurality of process
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outputs toward a plurality of respective operating
ranges by sending a control signal to thermal spray
system.

14. The method of claim 13, further comprising;

selecting, by the computing device, based on the respec-

tive values of the plurality of control parameters, at
least one component of the thermal spray system,
wherein the at least one component 1s controlled by the
plurality of control parameters; and

controlling, by the computing device, based on the respec-

tive values of the plurality of control parameters, the
thermal spray system to adjust the plurality of process
outputs toward the plurality of respective operating
ranges by sending the control signal to the at least one
component.

15. The method of claam 13, wherein the plurality of
control parameters comprises a primary gas flow rate, a
secondary gas flow rate, a gun current, a gun position, a part
position, a carrier gas flow rate, a powder feed rate, a
temperature, a pressure, a mass flow rate, a volumetric flow
rate, a molecular tlow rate, a molar flow rate, a composition,
a velocity, or a concentration, or combinations thereof.

16. The method of claim 13, wherein the plurality of
process outputs comprises a coating microstructure, a coat-
ing hardness, a coating adhesion, a coating deposition rate,
a coating deposition efliciency, a coating quality, a coating
color, or a coating density, or combinations thereof.

17. The method of claim 13, wherein the machine learning
module 1s configured to determine, based on at least the
plurality of control parameters, the frequency-domain spec-
trum, the at least one 1mage, and the plurality of process
outputs, at least one of a relationship between the plurality
of control parameters and a plurality of measured process
parameters or a relationship between the plurality of mea-
sured process parameters and the plurality of process out-
puts.

18. The method of claim 13, wherein the machine learning
module 1s configured to determine the relationship between
the plurality of control parameters and the plurality of
process outputs by at least one of comparing real-time or
near-real time respective values of the plurality of process
outputs with immediately prior respective values of the
plurality of process outputs, comparing real-time or near-
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real time respective values of the plurality of process outputs
with respective values at 5%, 25%, 50%, or 75% of a present
run time, or comparing real-time or near-real time respective
values of the plurality of process outputs with predetermined
threshold values of the plurality of process outputs.
19. The method of claim 13, wheremn the computing
device further comprises an output device configured to
output a representation of at least one of the at least one
time-dependent acoustic data signal, the frequency-domain
spectrum, at least one image data signal, at least one process
control parameter, at least one measured parameter, or at
least one process output.
20. A non-transitory computer readable storage medium
comprising instructions that, when executed, cause at least
one processor to:
receive, from at least one acoustic sensor, at least one
time-dependent acoustic data signal indicative of sound
generated by a thermal spray system controlled by a
plurality of control parameters and performing a pro-
cess associated with a plurality of process outputs;

recerve, from at least one optical sensor, at least one image
data signal indicative of the thermal spray system
performing the process, wherein the at least one 1image
data signal 1s real-time, near-real-time or continuous;

transform the at least one time-dependent acoustic data
signal to a frequency-domain spectrum;
determine, based on at least the plurality of control
parameters, the frequency-domain spectrum, the at
least one 1mage data signal, and the plurality of process
outputs, a relationship between the plurality of control
parameters and the plurality of process outputs by
machine learning;
determine, based on the relationship, respective values of
the plurality of control parameters configured to cause
the thermal spray system to generate predetermined
values of the plurality of process outputs; and

control, based on the respective values of the plurality of
control parameters, the thermal spray system to adjust
the plurality of process outputs toward a plurality of
respective operating ranges by sending a control signal
to thermal spray system.
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